Objective The impact of corticosteroids on acute respiratory distress syndrome (ARDS) mortality remains controversial following the publication of numerous trials, observational studies and meta-analyses. An updated meta-analysis is warranted, as a few original studies on this topic have been published since the last meta-analysis. Methods We searched for eligible articles using four databases. In particular, we included full-length original articles providing sufficient data for evaluating the impact of corticosteroid treatment on adult ARDS mortality in the form of odds ratios. A fixed model with the confidence interval method was used. An assessment of publication bias and sensitivity analyses were also conducted. Results We included 11 of 185 articles. The pooled odds ratio for corticosteroids with respect to all-cause mortality involving 949 patients was 0.77 [95% confidence interval (CI): 0.58-1.03, p=0.079] with strong heterogeneity (I 2 =70%, p<0.001). The results of the sensitivity analysis, Begg-Kendall test (τ=0.53, p=0.024) and funnel plot consistently suggested the existence of strong publication bias. After six potentially unpublished cohorts were filled using Duval's trim and fill method, the pooled odds ratio shifted to 1.11 (95% CI 0.86-1.44, p=0.427). In addition, the sensitivity analyses suggested that corticosteroid treatment has a different impact on mortality depending on the comorbidities and trigger events. Conclusion We were unable to confirm, based on the data of published studies, the favorable impact of corticosteroid therapy on mortality in overall ARDS cases. Published articles exhibit strong publication bias, and previous meta-analyses may be affected by this publication bias. Further research focusing on pathophysiology-or trigger event-specific ARDS is anticipated.
Introduction
Acute respiratory distress syndrome (ARDS) continues to play a major role in the mortality of critically ill patients worldwide (1) . The development of ARDS is a consequence of alveolar injury related to the effects of a complex network of cytokines and other pro-inflammatory compounds that initiate and amplify the inflammatory response (2) . It therefore appears to be a reasonable strategy to treat ARDS patients with immunosuppressants capable of potentially controlling the inflammatory response in the lungs (2) . Corticosteroids have been by far the most widely used medications for ARDS since Ashbaugh reported the first cases of this clinical entity (2) (3) (4) (5) . Nonetheless, the impact of corticosteroids on the mortality of ARDS remains controversial following the publication of numerous trials and observational studies (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Meta-analyses of these studies have indicated that the use of corticosteroids has only a marginal impact in reducing mortality in ARDS cases (20) (21) (22) (23) (24) (25) (26) (27) (28) , although it is clear that corticosteroids improve gas exchange, decrease the duration of mechanical ventilation and decrease the length of stay in the intensive care unit (23, 25, 26) . Over the last two decades, most studies investigating ARDS have used the American-European Consensus Conference (AECC) definition (1) . This widely used definition is helpful for epidemiological applications and recruiting patients for clinical trials (2) . However, the heterogeneity of AECCdefined ARDS is a considerable disadvantage. Even if a particular treatment has an excellent therapeutic effect in limited subgroups, it may be harmful in other subgroups (2) . As a result, it remains difficult to determine effective treatment strategies for ARDS cases overall. The Berlin definition of ARDS was proposed in 2012. Although it has slightly better predictive validity for mortality compared to the AECC definition, the Berlin definition is basically the same as the AECC definition and also contains a heterogeneous disease category (29) .
A few original studies on this topic have been published since the last meta-analysis (28) , and an updated metaanalysis is therefore warranted. The aim of the current study is to reevaluate the impact of corticosteroid therapy on the mortality of ARDS. We also conducted sensitivity analyses to confirm the results of the meta-analysis.
Materials and Methods

Study search and evaluation
Institutional review board approval and patient consent were not required due to the nature of this study. The current meta-analysis was conducted in compliance with the PRISMA check list (30) .
Two investigators independently searched for eligible articles using the MEDLINE, EMBASE, Web of Science and Cochrane Databases as of January 2014. The following search formula was used for MEDLINE: ((("ARDS" OR "acute respiratory distress syndrome" OR "adult respiratory distress syndrome" OR "ALI" OR "acute lung injury") AND ("steroid" OR "steroids" OR "corticosteroid" OR "corticosteroids" OR "prednisolone" OR "methylprednisolone" OR "methylprednisolone" OR "dexamethasone" OR "hydrocortisone" OR "cortisone" OR "betamethasone") AND ("hazard ratio" OR "relative risk" OR "odds ratio")) OR (("ARDS" [ title]))) AND ("mortality" OR "prognosis" OR "death"). We used similar search words for other databases. Articles included in the authors' reference lists were also considered as candidates.
The eligibility criterion for the current meta-analysis was a full-length original article that provided sufficient data to evaluate the impact of corticosteroid treatment on the mortality of adult ARDS and/or acute lung injury (ALI) in the form of odds ratios (ORs). If the article did not report mortality in the form of an OR, articles that provided sufficient data to calculate the OR were included. Cases of ARDS and ALI as defined by the AECC or Berlin definition were preferred (5, 29) , although other definitions were generally allowed if the authors of the original study stated that the patients had ARDS. Observational studies were included along with randomized controlled trials (RCTs). The existence of comorbidities and/or trigger events was not a reason for exclusion. We did not place any restrictions on the type of corticosteroids or language of publication. We excluded articles describing less than 10 cases, as we regarded these articles as being case series rather than trials or cohort studies. Articles focusing on ARDS prevention with corticosteroids and single-arm studies were also excluded. Duplicate use of the same data was carefully evaluated. The quality of eligible trials was assessed using the Chalmers checklist, in which 100 indicates the best score (31) . This checklist gives large scores for the use of randomization and blinding procedures and generally assigns poor scores to observational studies. Low quality as per the Chalmers checklist was not a reason for exclusion.
Data extraction
If an original article evaluated two or more types of mortality, the primary endpoint was preferred and in-hospital mortality was preferred to intensive care unit mortality. We divided the doses of corticosteroids into high and low categories, with a cutoff value for methylprednisolone of 10 mg/ kg/day or 500 mg/day equivalent for the purpose of the sensitivity analysis. Most of the articles clearly used much higher or lower doses than the cutoff values. We divided ARDS into early and late disease, with a cutoff of 14 days since onset, intubation, diagnosis or intensive care unit admission. Non-English articles were evaluated only for English abstracts, figures and tables.
Statistics
We used a fixed model with the confidence interval (CI) method (32) to estimate the pooled OR. The heterogeneity among the original studies was evaluated according to (i) the chi-square distribution test with a rejection region of p= 0.1 and (ii) the I 2 statistics test whereby I 2 <0% indicates no heterogeneity, 0%<I 2 <25% indicates mild heterogeneity, 25%! I 2 <50% indicates moderate heterogeneity, 50%! I 2 <75% indicates strong heterogeneity and 75%! I 2 indicates very strong heterogeneity (33) . A funnel plot and Begg's rank correlation test using the Kendall rank correlation test with a rejection region of p=0.1 were used to assess the degree of publication bias (34) . If publication bias was suspected, we used Duval's trim and fill method to correct for the bias (35, 36) . Sensitivity analyses were also performed by comparing a variety of subgroups using the rejection region for the sensitivity of interaction of p=0.1 (37) . All analyses were performed using the Excel Toukei version 5.0 software program (SSRI, Tokyo, Japan).
Results
Study search
We screened 120 potentially eligible articles from database searches and 65 potentially eligible articles from authors' reference lists. Of the 185 articles, 145 were excluded based on the title and abstract and 29 were excluded after considering the full text. A total of 11 articles were finally included in the current analysis (Fig. 1) . The 11 eligible articles consisted of four RCTs, one secondary analysis of an RCT and six observational studies (Table) , all published between 1987 and 2012. The number of patients in each cohort ranged from 14 to 208, with a median of 48. The total number of included patients was 949, of whom 461 were treated with corticosteroids and 488 were treated without corticosteroids. The rates of mortality were 393/949 (41.4%), 174/461 (37.7%) and 219/488 (44.9%) for all cases, corticosteroid-treated cases and non-corticosteroidtreated cases, respectively. The quality score ranged from 13 to 62, with a median of 40, which indicated that the quality of these studies was not always excellent (Table) . In addition, the OR differed considerably, ranging from 0.01 to 2.52. Each of the three studies with the largest sample size accounted for nearly 20% of the total weight (Fig. 2) .
Meta-analysis of all studies
A fixed-model meta-analysis of the 11 studies involving 949 patients, including 393 deaths, yielded a pooled OR for death of 0.77 (95% CI 0.58-1.03, p=0.079) (Fig. 2) with strong heterogeneity (I 2 =70%, p<0.001).
Evaluation of publication bias
In a funnel plot, the studies were marked almost linearly from the top of the pyramid to the left lower corner, with no studies in the right lower corner, which suggested strong publication bias. The Begg-Kendall test (τ=0.53, p=0.024) also suggested the existence of significant publication bias (Fig. 3 ). Duval's trim and fill method estimated the presence of six potentially unreported cohorts. After these six potentially unpublished cohorts were filled, the pooled OR shifted to 1.11 (95% CI 0.86-1.44, p=0.427) (Fig. 3, 4) .
Sensitivity analysis
In addition to correcting the publication bias, we conducted sensitivity analyses by evaluating the degree of heterogeneity among the subgroups (Fig. 4) . Consequently, the corticosteroid dose, study design, publication language, quality score and definition of ARDS were not found to be significant causes of heterogeneity.
Four subgroups showed significant heterogeneity. For example, the I 2 statistics for each subgroup according to the publication year, study weight, whether the patient was treated before or after day 14 and comorbidities were 81 (p= 0.023), 93 (p<0.001), 82 (p=0.018) and 82 (p<0.001), respectively.
Discussion
The current meta-analysis was unable to confirm the favorable impact of corticosteroid therapy on ARDS mortality. The analysis yielded a pooled OR for death of 0.77 (95% CI 0.58-1.03, p=0.079) with both strong heterogeneity (I 2 = 70%, p<0.001) and publication bias (τ=0.52, p=0.024) (Fig. 2) . Heterogeneity refers to the degree of difference in results among included studies. Strong heterogeneity suggests that the validity of the meta-analysis is impaired, as the included studies reported inconsistent results.
Among the eight types of subgroups, the subgroups determined according to the study weight indicated the highest I 2 statistics, with significant p values. While six studies with a weight of <5% yielded an OR of 0.25 (95% CI 0.13-0.48), the other five studies yielded an OR of 1.00 (95% CI 0.73-1.37). This difference, along with the results of the funnel # indicates an original study in the left column included in a meta-analysis listed at the top. #E: An early cohort in Steinberg's study was included in Meduri's meta-analysis. The results indicate the pooled odds ratio (OR) or pooled relative risk (RR). The underlined text indicates meta-analyses with statistical significance. Lo: Low-dose corticosteroids, Hi: High-dose corticosteroids, Ea: Early ARDS (<14 day), EL: Early (<14 day) and late (>14 day) ARDS, NA: Not applicable, because the study was not about ARDS, Rc: Randomized controlled trial, 2R: Secondary analysis of a randomized controlled trial, Ob: Observational study, En: English, Ge: German, Ko: Korean, Numbers: Quality score (0-100, 100 is the best quality), * plot and Begg-Kendall test, suggests the existence of publication bias. Publication bias is caused by the tendency of editors and researchers to report positive results. Therefore, relatively small weighted studies showing favorable results are more likely to be published than small weighted studies showing harmful or null results. None of the previously published meta-analyses evaluated the degree of publication bias. The pooled values calculated for the 11 existing studies showed a marginally significant OR of 0.77 (95% CI 0.58-1.03, p=0.079), as in previous meta-analyses. However, the OR increased to OR=1.11 (95% CI 0.86-1.44, p=0.427) after the publication bias was corrected. We would like to emphasize that existing articles often display publication bias, and no therapies should be rated based solely on the results of studies with a small sample size (Fig. 4) . The subgroups determined based on comorbidities were also associated with very strong heterogeneity. From the beginning, AECC-defined ARDS has included a variety of different disease entities (1, 2) . Corticosteroid therapy may have a different therapeutic impact and side effects depending on the trigger event and existence of comorbidities. Both Varpula's and Brun-Buisson's studies included patients with pulmonary infection (Table) . The pooled OR for these two cohorts was 2.24 (95% CI 1.21-4.13, p=0.01), without heterogeneity (I 2 =7, p for heterogeneity=0.30). Immunosuppression due to corticosteroid treatment may be associated with disadvantages in treating patients with pulmonary infections (11, 18, 38) . On the other hand, Azoulay's study suggested that corticosteroid treatment is favorable for patients with ARDS arising from leukemic pulmonary involvement as this treatment prevents the development of lysis pneumopathy. Patients with leukemic pulmonary involvement often satisfy the AECC criteria for ARDS, although the pathophysiology is different from that of diffuse alveolar damage (19) . Further research is needed to determine pathophysiology-or trigger event-specific treatment strategies.
Articles published prior to 2005 reported significantly more favorable ORs, with considerable heterogeneity (I 2 =82, p=0.018), compared to those published since 2006. This finding may represent the history of research on the current topic. Various relatively recent studies with comparatively large numbers of patients were designed to confirm the favorable outcomes observed in earlier trials, although the relatively recent large-scale studies were unable to confirm such outcomes (Fig. 2, 4) .
Corticosteroids mitigate inflammation in many ways, interacting with intracellular receptors that mediate the transcription of proinflammatory genes, particularly nuclear factor kappa beta (2) . Given the key role of innate immune dysregulation in the pathogenesis of ARDS, researchers have conducted trials based on the belief that corticosteroid treatment can control ARDS progression (6, 7, 10) . On the contrary, it is well-known that side effects, such as immunosup- pression and hyperglycemia, resulting from corticosteroid therapy have considerable disadvantages in patients in critical condition.
A limitation of the current analysis is that it included non-RCT studies, studies with low quality scores and studies written in languages other than English. A meta-analysis consisting of only high-quality RCTs would be attractive, although this not a possible strategy for the current topic, as the number of published RCTs was limited. In recent years, meta-analyses using non-RCT articles have become widely accepted, and the number of published meta-analyses including non-RCT studies has increased accordingly (39) . Furthermore, the current sensitivity analysis did not detect heterogeneity among the subgroups divided according to the study design. We believe that the inclusion of observational studies did not result in considerable bias. Similarly, the sensitivity analyses suggested that the inclusion of nonEnglish articles, studies with low quality scores and studies using non-AECC definitions of ARDS did not have a significant effect on the results of the meta-analysis. Another limitation concerns the inclusion criteria. Currently, the most widely accepted definition of ARDS is based on the clinical diagnosis. However, clinically confirmed ARDS, i.e. ARDS diagnosed according to the AECC or Berlin definition, is apparently heterogeneous and not always accompanied by pathological findings of DAD (5, 29) . This may explain why most of previous trials have failed to identify effective treatment options, with the exception of ventilation and supportive care. Although some treatments have been shown to have excellent therapeutic effects in limited subgroups, the benefits were diluted in the overall study population.
In conclusion, we were unable to confirm, based on the data of published studies, the favorable impact of corticosteroid therapy on the mortality of overall ARDS cases. In this study, the published articles had strong publication bias, and previous meta-analyses may have been affected by this publication bias. Further research focusing on pathophysiology-or trigger event-specific ARDS is anticipated.
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